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T  Thecretical RBackground

T-1 The Con*trast Transfer Tunnction

Tor the purpose of introducing the nomenclature,
we will first set down some of fhe well known relations
in imape formation. -
The intensity distribution in fhe:obiedf plane is
piven be:
olx,v) | (T-1)
The spatiai Freduencv content of the obiec{ NCVUL Uz)

is then e¢iven hv the Yourier transform:

+ oo

: . oo
‘ﬁ’(Ul vv')).: j o(xgv)e =L ey Ve (7-73

— o9

‘Jyhen we consider only §ne obiject point in the obiect
nlane we can define the amplitude in the wavefront after
passine the optical svstem as A( Vl,)/; (in 2 given ref-

erence nlane). The amplitude in the diffraction pattern

&

¥
function of this given obiect point is denoted by t(x,y).

(in the chosen image plane) is a(x,v). The image sopread

(S

We then have the followlings relation:

t{x,v) = 'a(x,v)} C (7=-3)
and the contrast transfer function T( Ul, Up) is then

J

56 MO L1y o) A% (LLyeL JptU)A Y o

TCY V.) = iy ‘ ,
v ’ JJ ”A(Ul) L'y)!) Ly YU
)

(T-4)
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We now define the image intensitv distribution bv

L{x,v) (1-%)
Then the Fourier transfer T (});,U.) of the mace is
t? =270 (xpy + vy ) |
_T (l/lsl/Q) = jl.(x;.")e A (T-6)
~ o

We then have the basic relationshin:

The purpose of our pronosal is to builld a simple instrd-

ment with which to measure T(ly,l,).

Sinusoidal Targets Versus Square “Yave Targets

There are various methods of measurine T(J;,l;). Manv
of these are based on usinr sinusoisdal tarpets. Assurine
that these targets are intinitelv lone in 6ne divectimn, our
probler reduces to a one dimensional pretler, Feuation 71-1

reduces to

-
St

= +b.cos 27T, %, (1-7
o{x) t%i tbcn, TTVexy
The Fourier transform of(p) ) of this obiect consizts of
only two terms: the d.c, compaonent b°L ind +he amplitude
of the fundamental b, .

From the definition of T(V) (I-4), we see that T(z) alwavs

equals ona, The Tourier transform of the imare ‘s therefore

. - F 1 T ; 2 Ty
| LYY = UO’LS(U) t s T ) ’1)[S(l/‘bt’*5(LFif} (1-7
and the image intensitv

. ! - ; f
(Ox') = by, + 1T () by (c?m%%a °TTt ch) (T-10)

}
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rm

Tn peneral T (/) is complex., Tn writine
‘nﬂ R
T W) =’E'-Le LT

we find for our imare

A (%

, t -t A N “ 9 v 7,
L(x') = b ..+ T’LbL (oFel (Tr(ui‘xb te)
We will now define dc modulation V of an chiect:

. Imax = Inin

[}

Thax * Tmin

For our sinusgoidal obiert we_have: Tmax = hgé + hL

and i, = boa -b, and therefore:
)
Voh‘ = b&
S
oL

Tor the image o° this object we find

He
Voo TS ST
image L bei ohi

("-111%

(T=-12)

(1-13)

(-1

Tt is this relation that opens the way to An easy measure-

ment of’q 4% will be shown further on, We will alse ~ome

back to the phase angle .

If we now replace the sinuscidal target with a bar

target we have {(see Fig. 1-1)

b ub] 1
) - o ]
oL = 2o . 5

with V-

3 ’w

L 1
cos ./ "FTUx - contMVus o oo L

TTp--..
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Fip. I-1

Let us now assume that we use a value for Dy such
that the frequency 3 v, falls ocutside the resolving
nower limit of the lens. We then have for the irage

L(x') = be + T  4b ~os 2T x + @ )
i ' i/ i

(I-16)
The modulation of the obiect is
(hy, + b ) = ( by - b
vV . = . N . - = })1/
obi (b *+ 5, )+ by = b ) by
'or the medulation of the Imape we find:
Pt~ A4h ) - (b -7 uk
\ - <° Lo ¥ ° p - ) 4 b
imape ] Tr ' = ﬁ’l; 1
h N . ’ (SR
(bc + LP b)Y + (b - LF' bb, ) (1-17)
' T rrr
or
V. = ﬂ z’ V
image I P, obj
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When there is no phase shift i.e, all g, = o, the

measurement of 21l frequencies are simple., Our imace

now is:

—Y 4
ety = e T T con Ty S oo Ty o

L}

The modulation of this image is

- N "l e _/F _’uh‘
fimace {b"“‘““rrb (tf.’ il D LT [la’ -
b &»_ub "l:" - £P’ g + ——u&} IO .i.?.L._' ! —.‘_[j[é“”__
{" n’[*’f, - { moLn T
udb 1T Lo, w T T o oo
= ’ P'-. 3 - " e P' T (“‘}"1 -
iit ] (

'We can already see that this can run into real »roblems

if we have veryvy fluctuating transfer curves, and formula

: Wb . S
“ . . o oy Farual
I-18 can become invalid whedﬂz F%B ig miich larger than wa,l
’ i L X
N -

[’Qe will not go further into this nroblem since the solution

is determined bv the wav we propose to measure and will be

dealt with later.
‘Before we leave our theoretical considerations we would

like to treat first the case cof bar targets .ith a finite

number of bars,
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Let us assume an odd number of bars, numbered ‘rom
-N to +N, The total number of bars is then 2Y+1. The

Fourier transform of the bar numbered o is

Ly
si
n ?.TT 44
(T.149)
Lyr Y |
> A
where v, represents the line frequencv of the tarpet,
The Yourier transform of the nair of bars (-n,+n) is
given by
- sin LTTL%/
2 cos ?TrnLl 7 (o) (1-70)
S 1 TTLV
7y
An addition now ecives for the Yourier transform of the
entire tarpet consisting of 24 + 1 bars,
N .
in LT Y NG ain 1 2//5/
81in ETT /l,é + 22 ons l‘NNU{é " 77T /
LY / Lol (1-21)
2 Y 70y
A

We can use this series to investigate how manv ba%s we need
as a minimum in order to be sure that, our reasured results
will be the same (within a given tolerance) as the »enulte
with an infinitely lones bhar tarcet (N¥oe).

The series mav be cut off when the factor cos ?frﬂlz/
o
fluctuates fast enough to make its contribution inabnreciable,

The ranse of interest in }J is given by

AV= 0.1225 Vg
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representing a one-target frequency difference in an Air
.Torce standard resolving power chaﬁt;; We require that the

cosine factor poes through one full cvcle in this interval

oy BV L ar
%

©

O.I"' y
N =-l£-=£)
Av

This indicates that a tarcet of at least 1% lines must be

used under these circumstances, because we can_apparentlv
neglect the term in the series with N=8,
From Lau, T-21 we can also easily derive the Tourier

transform of the three bar tarpet by taking N=1, We find
- '> 1 U
[ 1 + 2 cos ?TT%L] sin 77T Aé
<8
Ly
2 Y
#

In appendix IT we outline our computer program to compute

. the intensity in the imace of a three-bar tarpet formed with

a lens of which the transfer function is given.
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Technicues
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MIRROR .

Targets with

Variable

Modulation

LIGHTSOURCE

1T-1

Vip‘

A

way to make a tarpet with

variahle modulation ic

shown in Fig,
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Two bundles from a sinele

1. & NP . e
ANT anurce sre sl reestadd

~ brmey i 1o E vy ¥
€ } (R ' o
acest ‘i the kheanr
3) Toeasr mpeam gy AL
Fisine écreen (1) i5 in-

serted,

b) In one beam a polariz-

er (?21) is inserted with

its polarizine direc+ion

as indicated in the nlare

of the drawine.

In the other beam we insert two polarizers (2b) angd (22),

both of which, for the time being are rotated in

such a

position that the polarizing dlrectzonq for both is pernen-

dlcular to the plane of rhe drawing,

polarizers will become. clear later),

(The reason for two

Approved For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8
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c) Tn the first beam we also place a tarret (3). Tor
thevtime teine we will not specifyv the tyre of target,
d) After the two beams are united we insert a nnlarizer
(2d). This polarizer can be rotated to anv desired
positions Topether with this polarizer we can rotate a
nuarter—A plate 4. The relation between the poclarizer
(2d) and the quarterrA_ plate 4 is such that the light
emerging from this combination is circularly polarized,
We will call the polarizer (2d) from here on the analvzer,

ﬁet us now consider a tarfet with some neriédjcitv in
it, With this we mean either a three-bar target, a (2N+1)
bar tarqef, or a sinusoidal tarpet with at least-a tew
periods on it.

Let us suppose the maximum intensitv in tﬁe tafpet
is I and a minimum of Io. The ﬁaximum intensitv in the
other bundle is Iy

Now if for a certain position of the analvzer a
fraction A 1a transmitted from the light comina from the
tarpet, then a fraction (1- k ) is transmitted from.the

other'bundle. Therefore coning out of the inatrument

Tmax = IaA~ * T, (- s Ip + (I4=-T
‘ ' (T7-1)
Tmin = TeA * Ty =10 = 1y ¢ (1o7y0
The average is
Ima:; + 1. - - 2Ty 4(]" - 2Ty + Tc))\ (T

2 2

Approved For Release 2002/06/17 CIA-RDP78BO4747A000700050002-8
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In order toc make this average constant we have to adiust

the various intensities according to:

Ta = 2T *+ [o =0 or Tp=1lz+1 | (17-2)

The modulation of the tarcet as seen coming through the

instrument is

Imax = Tmin = ‘ (Ty - IO)A_

max * Imin 2T, + (T, =21, + 1_O)°

However, with (II-3) this becomes:

: (T -1 )N (1. -1 ).
vi: w8 ¢ A W A (TT-4)
? Ib (Ia + TC )
The modulation of the target above is:
T - 1
v = A ¢
tarpget T R
a c
4ith this relation we have for [I-y:
\J = ]
’ A‘ \tarqet (T1-5)
L7

‘Mgumuﬁkﬁjﬁwﬁf 4

With this arrancement then the modulation of the target}can PR
therefore be continuouslv chaneed between Yearpat and zero,

fn order to satisfy relation (I1-3) we put in our.inf
'stpumeht the polarizer (2p) .. évpchangiﬁqvthe poéition oFf

polarizer (2.) we can set any intensity between I, and zero,

Approved For Release 2002/06/17 : CIA-RDPF78BO4747A000700050002-8
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From Lquation (IT-3) it is clear that I, is always smaller
than 1, and we can, therefore, always fulfill the condition
with this setup.

For the analvsis of the precisions required see Appendix 1.

Visual Measuring Technigues

Before we can specify any specific measuring technique
we.will have to define what the purpcse of cur measuring is.
It is by no means always necessarv to measure the comnlete
transfer function, including phase shifts of the eguinment
alone,

Tor instance in viewers, using screens tc present the

imape, it seems of the utmost importance that the instrumen-
tation as a whole, includine the observer is included in the
measurina technicue. TIn other instances, it will he important
to eet the complete transfer function, with as much data as
possible,

We will therefore describe various measuring technicues.

IT-2-1 Measurements Yhich Tnclude the Transfer Functior o¢
the Hhve
Since the transfer function of the eve will have

a preat influence on all types of viewers using a

screen, and since this function itself is “v no
means a constant, we will start with a method that
will tell the P,7., what he can see, using a nart-

icular piece of equipment. Tn this test he can use

Approved For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8
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all aids that he might use in connectisn with this
equipment, for example loops.

In place of the Film to be viewed we put a tarvet

'‘as shown in Fie., TI-1. This tareet can have its own

light source, or can be illuminated with the light*

source nprovided bv the viewer,{Tn the latter case the

diffusine ﬂcreensC) sheald be removed).  The raximge

intensity will be cutr bv a factor of 1/? and this mary

m

be ~bhfectionable. ©On the other hand, the viewer illur-
ination mav net he fullv incoherent (viewers with ccn-
densors) and it misht therefore be pre‘erable tc use
the viewers illumination svatem.

With the modulation of the tarret adjusted to one,
the P.T7. determines the hishest frequencv he can re-
solve, He.then takes a target with a lower frequencwy
and adjusts the modulation to such a value that thie
tarpet is Just visible and notes the frequencv and the
visibil%ty settine, Moting that he has adiusted the woC-
ulation of the imare on his retina to a minimum (Ymin)
we find from relation I-1u

T Vein
wE

Vobiect

(11-8)

We note that we do not have the value of V (and thins

min
is also a function of the frequency of the tarcet). ‘e
note also that the value of T, completelv describes what

will be visible in this equipment for this observer.

.

Approved For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8




. . . . M- e S e e T ey gy g
i : [N S E : & ¢ o - . s

Apprdved For Release 2002/06/1 7"-:1(5IA-RDP7-8BO47\47A000700050002-8

The value of ’ZL will depend, on the tvpe of target,.
The relation between long §§;are-wave targets and sin- ;
usoidal targets is easily found mathematically as e
described above. However, Qhen we use bar targets////ra
with a few bafsbthe situation changés drastjcally.
However, for iudgement of the actual perfofmance,
neasurements with three and two bars may be very in-
formative. See, for instance, the intensity distri-
bution of a three-bar target in an aerial image formed
by a lens with aberrations as shown in Appendix ?. We
therefore suggest inéludinﬂ this type of measurement in
any equipment to be built,

I7-2-2 Objective Measurement of Transfer Function

It is possible to change the setup so as
to make the measurement obiective. Inp lig. II-2,
box T represents the obiect as shown in Fig., I1T-1

and is located in such a wav as to put the target

.

' IMAGE
.  PLANE 1 IMAGE
o@@ S PLANE 2
I H f\ [\
] ] ] L. . '.' . L P
Zoowm EYE
SYSTEM PIECE

Fig TI-2
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under test. The imare is formed in the image
nlane 1, which in turn is imaped in image plane

2 bv a zoom system, Yor each frequencv the mag-
nificétion is adiusted so as to epive an image X
with a fixed frequencv in image plane 2,

In princinle we now can adjust Vgpiect iD
such a way as to have it dust "rescolved", Since
for all frequencies in the object, the eve is
represented with the samé frequency, and if we

also adwustnthe illu mipgtion of the tarpets in

E3 Rl TR S SRS BT F XL EEOEPr e

e

I such that the illumination level presented tco

L s g W T e W B s ks B MR B I e G Bl e ol 2 e e OB Wi aid e st

the retina is the same_ For a%l frecuencles then

et e e T T Gt &t R e G B B et

men.on the retlna is a _constant, We can now

..... - s AR > o

measure the whole transfer function except for
a constant Km1n' The value of vmin’ however
can be found easily by various methods.

We propose to make the observation sliehtly
diffefentlv. This method will eliminate the neei
for a nrecise adiustment of the illumination level,

will fix the value of V will make the measure-

min?®
ment anplicable to the fundamental frequency only

and_give a sensi ive method of measuring the non-

e gl gmn A

linear phase shifts.
TN S i b e b v e

In the image in image plane 2 we will alwavys
have an image with a small modulation in the final

measurement position, Suppose we have the intensitv

Approved For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8
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pattern with vertical lines from the tarcet and
Tor the fundamentil fresuencv the intenaitv Aia-
tribution of the imase in the horizontal direction
is eiven by -

T (x)‘r a + b cos ?TTbe (1T1-7)

where J  is the fixed frequencv n imare plane

The modulation of this imace is

V = b ‘
a (11-83)

suppose we now pass the lower half cf the field

through a filter that has a transmission piven by:
T = - b 2 ’ /
T 2 o cos fTTLo x) (17-9)
Then the intensity in the half of the image passine

throush the filter is civen by

A

H
I’(x):j(n+h cos7rléx) (2 = 72 = ¢os ?77L;x)
[+ ]

Since b/a is small, sav of the order of 0,02 we can

write for this

I'(x) =y (a - bcos 2Ty x
©

(T1=17)
In this equation Y is a constant which we will
give a value
b
=1 -2 2
¥ 3 (TT-11)

If we now cover the other half of imare plane 7

with a filter with a transmittance ¥, we have in

Approved For Release 2002/06/17,,: CIA-RDP78B04747A000700050002-8
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both halves of the field of view of the eyépigge‘
two identical images, howeeer‘shifted by‘Tf. de
can now easily optically;shift'onevhalf of our
Fieldvover half a period and then have an imarge
that for the fundamental is ébsolutelvﬂidentical.
wﬁen we fix the valee b/a for our filters and
pass an imape through it with a d1¢Farent modulat:an,?
this difference will show up in our eveplece. The
onlv time we do not see any 1nt0n itwv diffebenceh
for the fundamental Frequency bet.:een the top and
bottom part of the field, is whén the modulation,
of ogr'imaqe is b/a. In other!wdrds, the value
Vhiﬁ = b/a is diféctiy built into our equipment and
:is‘fixed.for all frequencies, o -
Wheh we use bar targets with‘N equéi:to.ls, d
slight misadﬁustment of the.zoom system wifl shqu
up as a Moir€ pattern in.the lower part of the field.
When all cur bar targets are provided with a
transparent line above the target and our filter in
imace plane ? with a line, we.can for each tarpet
position the filter with the heaulafion of the
target equal to one in the‘saﬁé‘relative position,
in respect to the tarpget, When for a frequency } a
non-linear phase shift occurs, we willlhave é'phase
shift between eur sinuroidal target and the imahe
whlch will result in a Dhaqe shlft between upmer and

loWer tarpct imase. By shlftlng the 51nu501da¢

Approved For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8
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target to correct for this we find directly the
‘non-linear part of the phase shift, (Linear
the system under test.)

The higher\harmonics'that might be present
can now easily be recognized and ignored by the
eve. There are only higher harmonics in the first
third of the Frequéncy range, In normal cases of
"well-behaved" transfer functions they will alwavs
be small, Wheh large amounts of higher harmonics
are present we can use two techhiques.

In order to investipate the possibilities here
let us take the case where two harmoﬁics are availe

able in the image.

-4
—

I(x) = & {145 cos 2T x+3
° 3

Tor the case where ¢ = 3B (which for a square-wave

08 27T(3Lgx+o{x)J (

target is certainlv a large increase in the transfer
function for the higher frequenei&s’ we have‘plotted
in Fip, II-3 the resultant intensities in both

. halves of the field when the correct adjustment is
made (here & = o). Tn Fig, II-4 and 11-5 we have
plotted the cases where B/3 are 0.0} and 0.03%, or
a setting error of 1% is ﬁade. It seems peﬁfectlv
possible to distinguish with the eye within this

P

- margin of error,

. Approved For Release 2002/06/17 : CIA-RDP78BO4747A090700050002-8
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However this sugpests a completely different
way of measuring or checking the results acquired
in the above methods. 'When we increase 5/31 to
0.04 we will have a complete cancellation of our
first harmonic, 1In this case onlv the second
harmonic is shoén in one half of the field. (This
second harmonic is Livhtl? modified bv the trans-
mission of the filter; however this effect is very
small and if desired can be corrected for). The
criterion then is that the second harronic is o egual
intensitv in all its maxima and minirma (sece Tim., TT-().
When direct judpment by eye is difficult, the phase
shift between the upper and lower half can be made
adjustable, the sinewave filter inserted in both
halves of the field and direct compar{son of ad-
iacent intensities will be possible, This method
can be carried out with manvy more harmonics avasilable
in the imare,

Refore leavineg this subiect it is useful to in-
vestigate the pfecision of the measurement of the
first harmonic a little éurther. et us assume 1a

asienal

'

3! .
I (x) =a'{1 +L cosg ?TT{U>:+°()J QA P
e -]

Let this signal be passed by a filter given bv

TI-9 and II-11. The transmitted intensity cistri-

lease 2002/06/17 CIA-RDP78B04747A000700050002-8
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bution is then
RCINEIR AN ¢’ T(x)z;xa'{i+§'cos?7rQ/x«<>_z boos 7 .;}
1 Y . & (II=14)
This intensity is displayed in oﬁefhalf Qf the
field of view and compared with the other half {

of the field of view where the intensity distribution

I'? (x) = ra'(]. - ;1‘31: cos '?.Tr(l{k +°()’} (17-1%)

The two signals can be represented by vectors as

shown in Tif, TI-7

The phase difference
between the two
sifFnals is 2 o .

#hen the phase anple is

adiusted the Aifference
in intensity between

the two sienals is

- Ef) where
a'

~N
~
LR Rva

the factor of ? in
both phase angle and
Fig, 11-7 intensity "help the
precision of the
measurement (The factor of 2 in amplitude is clearlv
seen in Pigs, IT7-3, 4, 5 and 6; In Fig, [1-8 we have
introduced a 15° phase angle between the filter and

the signal as used in Fig. TI-3.
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ITT-1

V-l

Photographic Tests

After the abcve,deécriptions, it is clear that
the minimum modulation of the object for each freauencv
is easily determined for a given film,

| It is also clear that by first measurine the transfer
curve of the optical parts of the equinment, tﬁe tranefer
curve of the film above can be determined,

At this point we wish to note that transfer functicons
for films are onlv usefull wvhen tarpets with lone lines
are used, Basically thev do not give enouch information
to determine the capabilities of small details (s%all in
two dimensions) to be resolved. Fundamentallv this is a3
problem involving statistical computations.

Lxperimental Equipment Already Built bv ™, L,

To test the above approach a simple model of a teater
was built. (See Tis., TV-1 and 7).  Since we were primarily
interested in the resconse of optical systems to three-har
tarvaets, this equipment has onlv three-bar tarpets. %he
raesults of this equipment are shown in Fig. IVe3.

Tt was also used tc test the response of the eve and

some known lenses,

Apprb\(édi-FQr Rel_éase 2002/06/17 : CIA;RDP78BO4747A000700050002-8
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Modulation 1.000
{

Modulation 0.25p
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Niscussion of Tolerances and Measuring Precision of Variable
ﬁodulatlonAfgggets

The determination of”qfdé given in equation IT-6 is re-

lated to the value 1/y Furthermore, wé have accordinn

ohiject’
to I1T-5:

Vobject * A Viarpet
Therefore the change in ); with rotation of the nolarizer is
of fundamental importance, This relation is given bv

/\ = cos? &,

In Table A-1 we tabulated « with cos2&K and 1/cos?2e . From
this it is seen that below 2 Yohieet = 0.1 (startine with a

AY) . % 1 ] : £ -
target 1) the scale is very crowded, Tt is therefore ad

visable to make two sets of tarocets, one with V=1 and one with

V=0.1. This last targét will cover the range from Voby, = 0.1

ito Vopsd = 0.01, This provides all ranges which are desired.

Let us now investipate how pood the tarpets have to be. We

A<l

shall assume that the maximur transmission of a line in the target

is one. The minimum transmission is, however, nnt zero but }3 .
The maximum transmission in the other beam is Y . If a fractiagn

is transmitted from thée target bteam and a fraction 1~A_ from the

other beam, it is easilv shown that the modulation will be:

v 1 -% | .
k N h2 ul.:“__'+ 1+
o L B

The normal econdition for bar targets is

2002/06/17 : CIA-RDP?SBO4747A000700050002-8
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ol in degrees 05?2« 1/cos?e(

0 1 1

5 . 997 1,008
190 L9700 1.031
158 ‘ .933 1.072
20 | . 884 1.131
25 821 1.218
30 .750 1.333
35 .671 1,490
40 - .587 1.70u
45 .500 2.000
50 L413 2,421
55 .329 3,040
60 .250 4.000
65 .179 5,587
70 .117 8.547
75 L067 14,925
80 .030 33,333
85 .008 125,000
30 | 0

For = 72° we have L. = 100
‘ cos &

TARLE T
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Under the condition A-3, we find for A-2
Vo= A Al

Now if in our target /3# 3 we then have:

22;‘1‘:(&“ + 2
23 <n"1‘i‘A"+ 1+ )2

Fer our standard conditions, A-3, we have:

QU
<
1

AV = A1 =) p-S
3

Suppose ¥ is not adjusted exactlv right. We find for the

standard conditions:

i

AV 2 A O -A) : A8
?‘Y‘ ,

Also let us assume ) is not measured exactly right. Now we

find fer the standard conditions:

AV : -1 | AT
3]

From A-5, A-~6 and A-7 it follows that the quantities }3) T
and ,l should be made or measured with the same precision
with which we want to measure the transfer function, and do
not pose severe difficulties for the manufacturing of these

parts,
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APPENDIX 11

Available Computer Programs

|

has an RPC-4000 computer with support

personnel. The computer programs available are many, a few of
which we will mention here.

Several ray trace programs of our own have special features,

All kinds of aspheric, toric and other surfaces can be rav traced.

Provisions are available to decenter elements of the system, both
laterally and angularly.

In the enclosed article “The Role of‘Eikonal and Matrix
Methods in Contrast Transfer‘Calculations" our programs to corpute
the transfer function are described,

Furthermore we have a proéram which takes a given transfer
function and compufes the imare intensity distribution of a

standard Air Force three bar target. The calculations are based on

the following formulae:

!

1

Y, Object "frequency"
i.e. The reciprocal value of
distance of two trans-
parent lines,

Limiting frequency of the
transfer function,

At
1]

AQ) x Feal part‘of transfer function.
B = . Imaginarv part of transfer

: function.
X 2 Coordinate in imapge,

Approved For Release 2;)02/06/17% CIA- RDP7SBO4747A000700050002 8
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The intensity distribution in the image in the square modulus

of:
U
1 [A () Cos 2TTYY + B () Sin QTQJXI[ 1+2 Cos <2ﬂzﬁg]sin j#ﬁébdu
178 : ) (T.TL,/ {2, )
©

Usine this expression the inteprated intensity in the imape equals
the integrated intensity in the object, when the ohiect intensitw
in the transparent parts is unity.

In Figure A<l we show the intensitv distribution in the imape
of such a target formed by'the lens whose transfer function is
eiven in the aﬁove article. For our computations we used Léé} = 1/72

1

and a line orientation of 0°., 1In Tieures A-2 and A-3 only the

orientation of the target is changed to 45° and 900, respectively,
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- The Role of Eikonal and Matrix Methods in

Contrast Transfer Calculations

W. Brouwer, E. L. O’Neill, and A. Walther
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volume 2, number 12, December 1963

Approved For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8




CPYRGHT

Approved For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8

rinted rom APPLIED OPTICS, Vol. 2, page 1239, December 1963

Rep
Copyright 1963 by the Optical Society of America and reprinted by permission of the copyright owner

~ The Role of Eikonal and Matrix Methods in
Contrast Transfer Calculations

W. Brouwer, E. L. O'Neill, and A. Walther

The notion that the optical contrast transfer function is a useful tool for assessing the performance of
image-forming instruments has been accepted generally for some time and is now well established. This
paper discusses one method of making the transition from ray-trace data to the evaluation of this im-
portant function. First, the light distribution in the point image is rigorously derived in terms of an
integral over angular coordinates involving the eikonal function about a reference surface at infinity.
Then, the ray-trace procedure is developed in the language of refraction and translation matrices culmin-
ating in matrix elements which are simply related to the eikonal coefficients of wave optics. Finally,
the numerical evaluation of the contrast transfer function in amplitude and phase from these eikonal
coefficients is presented, and the paper ends with an example showing the off-axis transfer function for

line structures oriented at various azimuths. All calculations are carried out to fifth order in the eikonal
coefficients, and emphasis is placed on the usefulness of this approach on relatively slow, low-capacity

computing machines,

l. Introduction

The application of Fourier techniques to the theory
. of image formation has been studied extensively in
the preceding decade.

The theory that was developed has been accepted
generally as a useful tool in the analysis of optical
systems. It centers on two concepts: point-spread
function and frequency-transfer funection, one being
the Fourier transform of the other. Each of these
functions can, in principle, be determined when the
geometrical aberrations of the lens are known.1—3

In practical problems of lens design the ability to
evaluate the transfer funetion numerically would be a
great asset to the lens designer. The authors have
the impression that one step in the procedure of
computing this function is not well known to many
workers in the ficld: the conversion of ray-trace data
into wavefront deviations. Following Lunebergt and
Wolf,? we shall treat this problem in a way which is at
once simpler and morc rigorous, by using eikonal
functions instead of wavefront shapes. This approach
has the additional advantage that it shows in a unique
way the transition from wave opties to geometrical
optics.

W. Brouwer and A. Walther are with Diffraction Limited,
Inc., Bedford, Massachusetts. E. L. O’Neill is with the Physics
Department, Boston University, Boston, Massachusetts.

«”  Received 5 August 1963.

In the ray-tracing calculations a system of two by
two matrices as introduced by Smithé and Brouwer’
will be used to great advantage: the relation between
the matrix elements and the cikonal functions will be
shown to be very simple, and easier to apply than the
usual ray intercepts. This leads to a way of calculat-
ing the transfer function that is well suited to rcla-
tively slow computers with a rather small memory
capacity.

In Sce. IT we derive an expression for the point-
image amplitude distribution using the cikonal funetion
to describe the aberrations and perform a Fourier
transformation over the angular coordinates of a
reference surface at infinity. In Sec. III we relate the
matrix elements determined from geometrical lens
design calculations to the eikonal function. I'inally,
in Sec. IV, starting with the coefficicnts in the cikonal
expansion, we show several examples of off-axis transfer
functions using the numerical integration scheme of
Hopkins.?

Il. Transition from Geometrical Wave Optics
A. Notation

We shall have occasion to use four planes associated
with a rotationally symmetrical lens [Fig. 1(a)]
These plancs are perpendicular to the axis of the lens
and are, respectively, the object plane (coordinates
x and y), the entrance pupil plane (coordinates x; and
1), the exit pupil plane (coordinates 2" and %’), and

December 1963 / Vol. 2, No, 12 / APPLIED OPTICS 1239
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(
Entrance Image
Pupil
(b)
Fig. 1. (a) Coordinate systems. (b) Definition of angle-angle

eikonal.

the image plane (coordinates z’ and y%’). The four
axes marked with « lie in one plane, and so do the
axes marked with y. The x and y axes are mutually
perpendicular and intersect in the axis of the lens,
marked by z, 21, z’, or 2’ depending on which of the
four planes is used as a reference. The refractive
index in the object space is denoted by n; in the image
space it is »’. Since we consider only axially sym-
metric lenses and, unless indicated otherwise, an object
point will be understood to lie on the x axis, we are
allowed to refer to the z—= plane as the meridional
plane.

B. Summary of Fourier Optics

In order to establish our notation and for reference
purposes we shall give o briel summary of the basic
concepts in Fourier optics. In what follows, #(x,/,11)
describes the complex scalar disturbance over the exit
pupil plane, a(2’,y’) the complex amplitude distribu-
tion in the image of a point source, s(x’;y’) the intensity-
spread function, and finally D(»,r,) the frequency
response or transfer function for the system. By a
direct application of Huygen’s principle together with
approximations that are quite valid for most optical
systems it is not difficult to show that a{z’,5’) and
F(x,/,i,") are Fourier transform pairs in the form

I
a(z’, y') = ffF(Un vy) exp [2mi(v,x’ + vyy')] dvsdry, (1)

where », and v, arc reduced coordinates in the exit

1240 APPLIED OPTICS / Vol. 2, No. 12 / December 1963
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pupil about which we shall say more later, and where
all constants and the finite area of integration have
been absorbed into F(»,,»,). Now by virtue of the fact

that we are treating the optical system as a filter of 4

spatial frequencies there exists a further Fourier
transformation between s{z’,y”) and D(v,»,) in the
form

+ o
ffs(x’, y') exp [—2mi(vzz’ + vuy")ldz’dy’

, —
ff8(x’, y') de'dy’

where the denominator has been introduced for nor-
malization purposes (ID(O)I = 1). Capitalizing both
on the fact that s(z’,y") = ]a(:z:',y')[2 and the con-
volution theorem for the transform of a product, we
end up with a direct relation between the disturbance
over the exit pupil and the frequency response in terms
of the well-known integral

4w
ffF(Mx; w)F ¥z~ vo, gy — "v)dl‘xdl‘y

D(vz, vy) = r (2}

—

D(”z: Vu) =

_ (3)

f f | Fuzy 1) ] 2dpadpy

These relations together with their physical interpreta-
tions have been fully described in the literature, and the
uninitiated reader is invited to consult the references
for further details of the Fourier approach (e.g., refs.
2 and 3). As it stands, the phase portion of #(u.,
u,) describes a surface of constant phase about a ref-
erence sphere passing through the center of the exit
pupil whose center is an appropriate point in the
image plane. Unfortunately, we have not found this a
convenient reference surface in our attempts to bridge
the gap between wave optics and geometrical opties.
This transition is an important point. We wish to
emphasize that the shape of the wavefront can be
determined to any accuracy desired by means of the
laws of geometrical optics. Consequently, any ap-
proximation in the translation of these geometrical
data to data used in the work on diffraction involves
an unnecessary waste of available information.
Methods have been suggested to remove the wave-
front deformation function from the exponent of the
diffraction integral in an artificial manner so as to use
quasi-geometrical methods in passing from the exit
pupil to the image plane. Thesc techniques (e.g.,
spot diagrams) must be treated with utmost care;

in this paper we shall not take recourse to thesc 4

approximations.

Approved For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8
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C. Wavefront Deviations

Our first aim shall be to establish a rcasonably
exact dertvation for Eq. (1), which will automatically
.~ lead to the proper definition of », and »,. We shall,

as is usual in this field, restrict ourselves to the Huygens—
Tresnel diffraction theory. There are several un-
desirable features in the usual derivation of Eq. (1).
We mention:

(1) The shapc of the wavcfront depends on where
one choses its location.

(2) Some authors mcasure the deoviation of the
wavefront along the rays. Others measure along the
radii of the reference sphere.

(3) The rclations between the coordinates that
define a ray geomctrically and the coordinates suited
to diffraction ealculations arc very complicated.

(4) The diffraction integral takes only approxi-
mately the form of a Fourier integral.

The approach taken to this problem in the pres-
ent paper, found to be duc to Luncberg,* and also
treated by Wolf® avoids these problems.

In Tig. 2, let I’(z,y) be an objeet point of which an
optical system ecreates a diffraction image in the
(not nccessarily Gaussian) image planc (3',y"). Let
P’z + &, + %) be a point in which we wish to
evaluate the amplitude of the diffracted light; £ and
7’ are coordinates in the diffraction pattern, measured
in the image plane with respect to a reference point
(xo’,40’) which conventionally is chosen as the inter-

‘section point of the principal ray with the image
plane.

When the light has traversed the optical -system,
the pencil of light is completely determined by a
wavefront =. The line AQ represents a ray in the
image space.

The wavefront being a surface of equal phase, the
amplitude in the point P’ is proportional to:

oP") = fF(A) exp (2—7riW)d¢r, (4)
= A

in which W = AP’ and F(4) is the amplitude distribu-
tion over the wavefront . A discussion of this ampli-
tude distribution in the wavefront is outside the scope
of this paper.

Let the direction of rays in the image space be given
in terms of their optical direction cosines (L',M’,N’)
which are defined as the geometrical direction cosines
multiplied with the refractive index of the image space.
Let OS be the normal drawn from the origin in the
(z’,y") planc onto the ray AQ. Then the optical path
z,y,L', and M’ is known as the (point-angle) mixed
eikonal of the system.* 1

e  When this function is known, the coordinates (z’,y")
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of the intersection point of a ray with the image
plane arc given by :

= = = =Y (5)

and the dircction cosines of the rays in the object
space:

QE K
— = —I, oF _ -M.
oz oy

Let BP’ be the normal from P’ drawn onto the
ray AQ. Then we can writc for the path length
AP’ in Eq. (4):

AP’ = E(I/,M') — P4 + SR + (AP' — AR),  (6)
in which the dependence of £ on z and y is omitted
because we assume the object point to be fixed. The

path PA is constant and may accordingly be dropped.
The location of the wavefront is irrelevant, as long as
we do not choose it “too close to the image plane.”
A great simplification is obtained if we make full use
of this frcedom and move the wavefront out to infinity.
In that casc the term (A — AR) in (6) reduces to
zero and the line AP’ becomes parallel to the ray AQ.

For the projection SE of the line OP’ onto the ray
AQ we can write:

SR = L'z’ + &) + M'(y’ +7');
consequently, we have:
W = E(L,I Ml) + L'z + M’yo' + EILI + nIMI.

A point on the wavcfront is now no longer specificd by
linear coordinates; it must be specified as a direction.
So the diffraction integral (1) reduces to:

a(P’) = f f F(L/M') exp ?%z (Wo(L'\M') + ¢'L’
p21

+ 9'M'1dL'dM" (7)

Fig. 2. Wavefront configuration.

December 1963 / Vol. 2, No. 12 /-APPLIED OPTICS 1241




in which
WoL,/'M") = E(L'M’') + L'z, 4+ My, 8)

a function which is open to easy numerical evaluation,
as will be shown subsequently.

Comparing Eqs. (7) and (8) with Eq. (1) we observe
first of all that the rather vague concept of wavefront
deformation has heen replaced by a well-defined eikonal
function. We also notice that (7) represents a Fourier
transformation, provided that we use as variables in
the frequency domain:

vy = L'/,

(9
vy = M'/A.

Every pair of values for v, and », defines uniquely a
point in the exit pupil. The integration over the exit
pupil coordinates is now replaced by an integration over
direction cosines in the image space. These direction
cosines are a natural produect of the ray trace, and, con-
sequently, one does not need the linear exit pupil
coordinates at all. Luneberg? has shown that the
limiting procedure of moving the wavefront to in-
finity is an essential step in the electromagnetic theory
of image formation (see also Wolf®).

The amplitude function F(L’,M’) is still unknown
and must be determined by external means. It may
often be assumed to be constant. (See, however,
refs. 11 and 12, in which an object point is assumed that
radiates uniformly in all directions.)

Equations (7) and (8) form an ideal bridge between
geometrical optics and wave opties. Equation (7)
shows that the diffraction integral may be considered as
a Fourier transform, even for wide apertures and large
field angles. Neither an artificially tipped image
plane nor a troublesome reference sphere need be
introduced. Equation (7) shows a close relationship
between the eikonal functions and diffraction theory.
This relationship becomes even more apparent when we
apply the method of stationary phase to Eq. (7).
Ifor large aberrations, the direction (L’,M’) con-
tributing most to the amplitude in the point (z," +
£ yo’+7") is found by requiring that the exponent be

stationary with respect to L’ and 7.  This yields:
ok
N7 +a + & =0,
oM + 9 +9 =0

which are the exact geometrical relations to be expected.
We see that in the diffraction theory of image formation
all of geometrical optics remains valid; it is however,
elevated into the exponent of the diffraction integral.

IIl. Numerical Evaluation of the Eikonal

The wave-optics description completed, we turn now
to the calculation of the eikonal function. In the
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conventional ray-tracing procedure it is not feasible to
determine the relation between the heights of inter-
section in the image plane and the pupil coordinates in a
closed form. We must sample this funetion numeri-
cally, and, if we wish, then determine intermediate
values by interpolation. For the eikonal function we
have to apply the same technique, for the same reason.
This could be done by path-length computations along
the rays traced; however, to attain the desired
accuracy a double word-length computation has to be
used. With moderately small computers this becomes
time-consuming. One can, however, simplify these
computations considerably by applying the inter-
polation not to the eikonal function itself but to its
first derivatives with respect to the rotationally
invariant variables. In a power series development
of the eikonal function a term of a degree n in the
linear variables leads to terms of a degree n — 2 in
the power series of the above-defined first derivative,
whence the greater accuracy obtainable. Further-
more, these first derivatives are directly related to
matrix elements (obtained from a ray trace), that we
shall define presently.

A ray-trace procedure consists in following a ray
through an optical system. There are fundamentally
two steps involved. At each refracting surface the
ray changes direction, and in going from one surface
to the next the intersection point of the ray with this
next surface has to be found. Let us first describe the
refraction of a ray at the 7th surface of the system.
The coorcdinates of the point of intersection of the ray
with the surface in the space before refraction are
denoted by z;, ¥ and by z,” and y,” when considered
in the space after refraction. The optical direction
cosines in these two spaces are dencted by IL,, M, and
L,/ and M,’. It has been shown that the refraction
can be written in the form (see ref. 7) ;

L 1 —A. L ["L;
= = R;
i 0 1| 2

and (10)
M; 1 — A M [ M:

= = R A
v’ 0 1Ly L ¥

7y’ coBe;’ — Mg cOBep;

where

11,; =
73
n and n’ are the refractive indices of the media in
front and behind the surface, ¢; and ¢, are the angles
of incidence and refraction, and r, is the subnormal of
the refracting surface for the ray considered. For a
spherical surface this is the radius itself.

Now, with a similar notation, we can write for the ##¥#

translation to the next surface:
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Fig. 3. Rotation of coordinate axes for the computation of the
contrast transfer function.

Livy 1 0—[135'_
Lit1 T 1] 113;"_
M+ L o7 M M,
= = T,.' y
Yit+1 T 1Ly’ _j ¥’

T = &' /n;.

and (11)

where

¢, is the distance measured along the ray between the
points &/, y;" and %41, ¥:2. It should be noted that
the ray between object point and point of incidence
on the first surface can be described by a matrix of the
form 7" and will be denoted by 7. In the same way in
the image space we have a matrix 7T, giving the co-
ordinates of the ray in the image plane in terms of
the coordinates of the ray at the last surface k. When
all matrices £, and 7', are computed the ray coordinates
in the image plane in terms of the coordinates of the
ray in the object plane can be found by

L L
= TkRka— 1Rk—-1 “ e TszTlRlTo y
x’ x

and similarly for M’ and y’ as a function of M and .
Sinee both 7 and B are 2 X 2 matrices, the result of the
matrix multiplications will be a 2 X 2 matrix of the
form:

I N L L)

Note that the final “2” and “y’” matrices are the same;
this is due to the rotational symmetry.

Since the optical systems considered here have an
axis of symmetry, we can achieve a simplification by

introducing the following rotationally invariant
quantities:

w = /52 + y?),

us = L'z + My, (13)

ug = oL + M%),

Introducing (13) and (5) into Eq. (12) yields

(-8 - a)e - (B 1) =0,
oy Ous

(D@ +0+ Qg)z + (DQE‘ + E’E)L'
bu1 a’M2

dup | dug

Since these relations are valid for all values of
x and L’ each coefficient should be zero; yielding:

oF 4
bul— B’
@— 1 14
auz“ B: ( )
ok D
2y B

BC — AD = +1.

Numerical values for these partial derivatives of the
eikonal function are thus easily obtained from ray
traces. A simple integration will then give the func-
tion .

There are many ways in which this caleulation can
be performed. In the following a procedure is worked
out using truncated power series up to and including
the sixth order in the aperture variables to find E as a
function of . and s, and thus as a funetion of the co-
ordinates L’ and 3’ that we wish to use in the work on
diffraction.

Since we are interested only in the function F for
one object point, u; is a constant and E is a function
of upand usonly. Let us assume the form

E(ug, Ug) = Z;E;E,-,-ug"ua"

=By -+ Ewus + Enus (15)
+ Egus® + Enusuy + Eosus?
+ Exus® + Eawsuz + Engusus? + Eggus®
+....
From this it follows that
OF 1
T = —— = Eu + 2Ew0us + Eyus + 3Esue? + 2Esuau,
Qu B
+ Euus“ + .y
(16)
o2} D
— = — = Eu + Enus + 2Enus + Eaus? + 2Eu5u,
Juz B

+ 3E03U32 + -

All coefficients appearing in the desired function E
appear in the functions (16) except Eg. However,
Ey is a constant and therefore not needed in the com-
putations on diffraction. The coefficients K, in (16)
can now be found from the values of the matrix ele-
ments B and D for five or more rays. We use a least-
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square method where the number of rays used is
determined by the desired fit.

It is interesting to note that in this approximation
only five meridional rays are needed. The object is
situated on the x axis, and so we have for meridional
rays:

Uy = L’:t:,
= Yy L'

and thus:
-7; ~ Fw + (2Euz)L’

+ (VoEu + 3Ewz?) L'? 4 (Eunx)L’3 4 1/,EL",
g = Ho + (Enz)L' 4 (Eo + Eax?)L'2 + (Bgz)L'3 + 3/ EguL".

Five meridional rays, using the first equation gives:
Iy, By, (V/2Bu + 33 2%, Ey, and K. Four of the
same rays, and the second equation gives: Ey, Ei,
(Foz + Ey 2%, Ky Simple inspection shows that all
coeflicients can then be computed. When the object is
at infinity the same procedures can be used with the
help of the angle-angle eikonal as shown in the
appendix.

IV. Calculation of the Transfer Function

Having shown the relation between the information
supplied by the ray trace (the matrix elements) and the
coetficients £, of the eikonal function we now proceed
to calculate the transfer funetion. In doing so it
proves convenient to define normalized variables over
which we carry out the numerical integration. Letting
L,’ and M,’ represent the maximum* direction
cosines as seen from the image field point we now define

Bo = L'/I mand v = M'/M,’ .

Further, we define normalized polar coordinates
Bo = p cosp; yo = p sing such that 0 <p< 1 and we
see that aside from secale factors which can be absorbed
into the coefficients, u, can be replaced by 8, and
ug by p?.. We now can write the basic integral for the
evaluation of the transfer function in terms of these
normalized variables as:

jf F(Bo, vo)F*(Bo — 8, vo — t) dBedve

«

ff IFo(ﬁo, Yo0) | 2 dBodye

where s and ¢ are line frequencies normalized such that
they run from 0 to 1, and where for our purposes we
take

D(s,t) = —

» (17)

* Actually L.’ and M, are symmetrized forms of the direction
cosines that limiting rays make with the z’, y’ axes as seen from
an off-axis field point.
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27t
F(Bo, vo) = exp [—;‘E(ﬁo, 70], Bt + vt < 1

= 0, Bo® + v > 1.

Finally, for ease in computation it turns out to be
convenient to perform a translationn and rotation of
axes to B, v centered at the common area of the dis-
placed circles* such that 8 points along the direction
of the normal (¢¥) of the line structure in the object
plane (see Fig. 3). With these changes of variables
our basic integral can be cast into the form:

* 8 8
Jf F(ﬂ + é, 'Y)F*(B - "/)dﬁd'y
D(s, y) = — =
f f |F(8, v)|%dsd~

At this point we adopt the numerical integration scheme
of Hopkins® and write first

(18)

1
D(S) \ﬁ) = affexp [’L’CSV({S, Y Kb)] dBd‘Y) (19)

where a = S S dBdy is the normalization constant
and V{8, v;¢) isgiven by:

1
V(8 a; ¥) = -[E(B + 2y ¢> - E(ﬁf -3y w)] (20)
s 2 2
oF 1 (s\%3E 1 [s\0°F
ot 371(2> o T 31<§,) o
Now as Hopkins® has demonstrated (see also Marchand
and Phillips'3) this integral can be approximated by a

double summation taken over all the elementary cells
(ez,€,) that fall within the common area in the form

iz SiDX sin¥

1
D(s, ¢) = N ZnZaet? 5 v 3 (21)

where N = a/(4e,¢,) is the number of rectangles of area
4¢,¢, that fall within the full area @ and where

oV
X = ezks&;,

1%

Y = eks, (22)
da

Z = kSV(B) v ¢’)y

cach of which is evaluated at the center of the ele-
mentary cells. I'inally, to complete this description
we note that we can also write D(s, ¢) in the form

D(s, ) = |D(s, )| e, (23)

* In actual practice as one gets off-axis the region of integration
is the common area of two displaced ellipses. Further, the
effect of vignetting must be taken into consideration.
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TFor our purposes we find the RPC 4000, a relatively

modest computer, perfectly adequate. A complete
curve, yielding 20 equally spaced points for the ampli-
tude and 20 points for the phase takes 41/, hr, Often
-’ -the amplitude falls off and remains below a physically
: meaningful value before the run is completed, and the
computer 1s instructed to proceed directly to the next
casc of physical interest. These rcmarks are not
meant to minimize the advantages of high-speed com-
puters in optical design. The point we wish to make
here is simply that the transfer funection is not an end
in itself but merely the most useful tool we have to date
to assess the relative merits of one design over another.
As such this function becomes useful only during the
;0 / final stages of design after earlier attempts have been
rejected for practical and other reasons. Having
‘ reached the point where one wishes now to concentrate
/ on a few critical cases, the assessment using the con-
/ trast transfer funetion comes into play, and we here
merely wish to emphasize that such evaluations are well
ie2i i within the scope of the more modest computers.
£ty )= ??‘E'J’o feos'd We should like to close this section by giving a
numerical illustration for a wave deformation often
Fig. 4. Rough sketch of normalized wave deformation. encountered in practice. TFigure 4 shows a wave de-
formation exhibiting a typical “bubble” along the
meridional section as secn from an off-axis ficld point.
On axis all coefficients are zero, and the now familiar
transfer function for this case is shown in Tlig. 5. Off
where axis the situation is different, and we show in Fig. 5 the
| D(s, w) |2 = Dr¥(s, ¢) + Di¥s, ¥), amplitude and phase of the contrast transfer function for
-~ (s, ¢) = tan=1D;/Dg, line structures whose normals point along the sagittal
and meridional scetion and at 45° to these. Needless
and where to say we find such curves quite useful in evaluating
Do, ) = ~12 5 costt 8inX sin? the performance of optical systems.
’ N7 X Y
Dy(s, ¢) = ]f\lizmz" sinZ SI%X g'
It is to be noted in this approach that X, ¥, and Z “
depend upon V(8,y; ¢) which in turn depends upon
EB, a; ). We have found it convenient to express
E(B, a;¢) in the form
E+1<6 | D)
E@, o; ¢) = Au(9)BYY, (24)
Bl =0
where the original eikonal coefficients and the orienta-
tion of the line structure have been absorbed into the g y T - l ' T - ' —
49 matrix elements A;; (of which 25 arc zero in fifth- 408
order theory). As Marchand and Phillips have pointed S ’
out, the extension of Hopkins’ method to fifth order is o ot / 'a
a straightforward problem in numerical integration. —_—— e —
It is our experience also that a cell size of 0.05 units is _ . .

. . Fig. 5. Contrast transfer functions for wave deformation shown
suﬁ“m.ently accurate fOI'. all purposes encountered in in Fig. 4 at several azimuth angles. Curve 1-—on-axis; curve 2—
practice. Moreover, this approach does not neces- off-axis ¢ = 0; curve 3—off-axis ¢ = =/4; curve 4—off-axis

« sarily require a high-speed, large-capacity computer. ¥ = /2.
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We wish to express our gratitude to 8. Daniels
and H. Sijgers for their roles in bringing this paper to
completion.

Appendix

In the case that the object is at infinity it is con-
venient to use a slightly different cikonal funetion,
the so called angle—angle eikonal.

From the center of the entrance pupil we con-
struet a perpendicular to the ray considered. (See
Fig. 1.) The same is done in the object plane. The
eikonal is now the optical path length P between the
footpoints of these perpendiculars and is a funetion of
L, L', M, and M’.

For a given point at infinity L and M are constants
and all points P for rays from this object point are on
one wavefront. For this eikonal the following relations
hold (see ref. 9)

,_bE, ,_B_E
RrY) = oL
._,O_E.’ ,_OE
Y= Y "o

I'or rotational symmetric systems the following
rotationally invariant quantities are introduced

w = /y(L* + M?),
@ = LL' + MM,
s = (L + M").

i

From this it is easily derived that
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oK B
oz A
°E 1
i, A
%6 _¢C
oa;, A

BC — AD = + 1.

All other computations are the same as in the case with
a finite object distance.
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V. Proposed Statement of Work

We propose a two-phase program to achieve the cohstb-
uction of a field sine wave tester.
Phase 1: During.this period we pronose to do the followineg:
a) Design investigation to define best possible optical
lavout.
L) Procurement or fabrication of the neéessarv filters
and optics,
¢) Theoretical investipation of influence of tarpet im-
perfections, and possible improvemeﬁts of measurement
techniquen.
d) TFabrication of breadboard model to verify designs.
e) Technical nroposal for fabrication model for Phase 11
The deliverable itemé during this phase will be:
I) Monthly progress reports

II) Final report : STATINTL

I11) Demonstration at of breadboard

modei and other setups developed during this phase.
A CPFF prijce proposal for this phase is included,
NDelivery: Tnvestigation studv to be completed nine months
after receint of order. |

Phage I171: Fabrization of final instrument (or :instruments).

With the instruments we will deliverv instruction

manuals for the use of this equipment.
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Since thiz phase can rot be well defined tefore the
end of Phase T, it is difficult to state a definite

price. TPor budgetarv nurposes we think that suck an

instrument.will cast about each, %e nlan to STATINTL

include in Phase T, Ttem e, a4 “ixed nrice quotatinn

for Phase 11,

Deliverv: Firat unit to he delivered three months

after agreement has been reached an breadtroard model ane!
aAfter receint of nurchase order, whichever is the latenr

d"i’te »
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STANDARD CONDITIONS OF SALE

BAILED PROPERTY

STATINTL

STATINTL

In accordance with the practice of the industry with respect to stock furnished by the customer,:l
Y.

(“the Company") does not accept any liability for the destruction of bailed proper

CANCELLATION

This contract may be cancelled by the Purchaser only upon the payment of reasonable cancellation charges
which shall take into account expenses already incurred for labor and material costs and overhead and other com-
mitments made by the Company. Filing of a petition in bankruptcy or commencement of any insolvency proceed-
ing pursuant to State law shall be deemed a cancellation by the Purchaser. )

In cases where the Purchaser has paid part of the cost of the equipment before delivery and the Company is
unable to manufacture and deliver equipment in accordance with the specifications within a reasonable period be-
yond the shipping estimate, the Company agrees to return all payments by the Purchaser and each agrees to termi-
nate this contract without further liability to the other.

In no event shall any claim for consequential damages be made by either party.

CONTRACT

Except as otherwise agreed by the Parties in writing, this contract shall be final upon the acceptance
by the Purchaser of the Statement of Work proposed in the technical quotation. The terms contained herein
shall constitute the entire contract and shall not be modified by standard clauses in the customer’s purchase
order or elsewhere unless the same shall have been specifically denoted and acknowledged by the Company;
provided however, that this contract shall incorporate by reference such terms and conditions as are required
by law and Government regulations responsive to requests to bid by agencies and prime contractors of the
United States. In case of conflict between these Standard Conditions and such laws and regulations the latter
shall prevail. The Purchaser shall not assign this contract without the written consent of the Company.

DELIVERY

Unless otherwise specified all quotations are f.o.b.l |If the customer fails to pro-
vide portage an additional charge will be made for shippmg and msurance. _ Adherence to shipping dates
depends upon prompt receipt of necessary information and materials. If “the Company” fails to receive said
information and materials, for reasons under the control of the customer, it reserves the option either of
delivering substantially completed equipment as scheduled, or delaying delivery at the customer’s expense
until receipt of same. If shipment is delayed by the Purchaser, payments shall become due from date the
Company is prepared to make shipment.

The Company shall not be liable for failure to deliver resulting from causes beyond its control, such as acts of
God, acts of the Purchaser, negligence of processors, acts of civil or military authorities, strikes, fires, pestilence,
riots, inability due to causes beyond its reasonable control to obtain necessary labor, materials or manufacturing
facilities. In the event of delay resulting from such causes, the date of the delivery shall be extended for a period
equal to the time lost by reason of the delay.

PATENTS

- The Company will indemnify the Purchaser against any claim that goods manufactured according to a Company
design and sold under this order infringe any United States patent or patent right. The Purchaser will indemnify
the Company against all claims of patent infringement with respect to goods manufactured wholly or partially to the
Purchaser’s designs or specifications. Save as provided otherwise in research and development contracts all proprie-
tary rights in designs, tools, patterns, drawings, data and equipment not furnished by the Purchaser are reserved to
the Company.

TAXES

The amount of any sales or excise taxes, and import or export tariffs, levied on the Company and applicable
to the equipment sold hereunder, (a) if payable in U.S. dollars shall be added to the above price and shall be paid
by the Purchaser in the same manner and with the same effect as if originally added thereto, (b) if payable in any
other currency, shall be payable by the Purchaser when and as incurred. In either case the Purchaser may, in lieu
of payment, furnish the Company with a tax exemption certificate acceptable to the taxing authorities.

TRAVEL

All fixed price quotations are exclusive of expenses incurred by the Company on trips made at the request of
the customer for the purposes of consultation, field inspection or installation.

WARRANTY

The performance of optical systems manufactured by the Company in accordance with its designs is warranted
under the conditions of operation specified in the technical quotation. The Company also warrants all mechanical
parts of its equipment, except stock components not manufactured by the Company, against defects of material and
workmanship, for ninety (90) days from date of delivery; optical components are warranted against defects of work-
manls_hfip on the date that they are accepted by the Purchaser. Save for warranty of title, no other warranty shall be
implied.
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STATINTL

PROPRIETARY RIGETS IN BID INFORMATION

reserves all right, title, and intarest

in beckground inventicns, izprovemenmts and discoveries disclosed
kerein which are concelved apd reduced to practice prior to the

awaxd of n contyact by the offeree.

The data fornished shell be deensed a confidential diselosure
and may not be disclosed outside the offeree’s facility or be dup~
Heated. used or disclessd in vhcle or in pert for any purpose
other than to eveluute the proposel; provided, that if a comtract
is sward: d to thie cungany as 8 result of c?r in conneetion with
the subriissicn of such data, the offeree ghall have the right to

' &ixpucaue, upe or dis:lone this dete to the extent provided in the

contract, Thie restriction dces uot limit the offeree’s right to
use informaticn contzined iv such date if it is cbtained from

another source.
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MEMORANDUM

T All Employees

F1:0Ms |
S§BJ: Travel Policy

The following policies shall be in effect for all
travel by employees which is made at the request cf the
Company:s

A. Transportation by commerciai rarrier:
Tickets will be purchased by the Company
through Business Administration.

B. Transportation by private avtomobile:
1. Travel within a metropolitan| _  |area,
or such other city driving as may be within
the scope of the employees duties, will be
reimbursed at ten cents per mile.
2. Highway travel will be reimbursed at seven
cents per mile.

C. Per diem allowance: :
The Company will provide either a $20.00 per
diem allowance or pay actual iltemized expenses.,
Receipts should be supplied whenever possible,

A travel advance may be secured from Business Admin.
istration if the trip is expected £o exceed one day's
duration. Travel vouchers must be submitted in order to

gsecure reimbursement.

Employees should retain a copy of the travel voucher
for their own tax records.

Forms 7T1i63R.2
A'Z)prc?\)led For Release 2002/06/17 : CIA-RDP78B04747A000700050002-8
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BUSINESS HISTORY

| was Ilncorporated in November 1959,

under the laws of the | | Its 25X1
founding technical personnel were all prevlously assoclated

with the | | whicISTATINTL
was subsequently acquired by | | ‘ STATINTL

It is a small business princilpally devoted to the design
and fabricatlon of preclsion optical components and systems for
industry, educatlon, space exploration and defense. It is
internationally recognized as a leading manufacturer of complex
optics and 1ts research staff of physicists and englneers
includes one of the most dilstinguished optical design departments
in the United States, 1if not the world. The business of the
Company 1s primarily on a custom basls. Proprletary ltems are
fabricated on a short lead time. In the component fleld its
primary manufactured ltems are lenses, mlrrors, windows and
prisms, and the mechanical mountings and structures with WhiCWSTATTNTL
they are assoclated. Optlcs are generated from glass, quartz,
beryllium, germanlum and other optical materials. In the systems
field the Company designs and manufactures optlcal instrumentation
such as collimators and theodosyns. Projects have ranged from the
polishing of tiny prlsms to the design and fabrilcatlon of an extra-
ordlnary 155° ultra wide angle camera lens for | |
from a relatively simple coronograph to a two ton masslve reducer
with a resolving power approximating 400 lines per millimeter.

Although 1s uniquely involved 1n the
design and prototype manufacture of complex optics, moderate
production runs, the fabricatlion of large optlcs and systems
development can be easlly accommodated at the[::::::]laboratories.

] : - . - - STATINTL
Precision opftics requlres a rare comblnation of arts and
crafts. It 1s unfortunately true that optlcal designers and
engineers are 1n short supply as the subject shows signs of dis-
appearing from the undergraduate and graduate currilculum.
Preclslon opticlans are equally rare, as hand craftmanship is
all but abandoned by American labor. A% |we
have assembled, tralned and extended the hlgh level of STATINTL
intelligence and consummate skilll equal to the challenge of a
fine art,
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